Abstract-Resonant cavity enhanced (RCE) photodiodes (PD's) are promising candidates for applications in optical communications and interconnects where high-speed high-efficiency photodetection is desirable. In RCE structures, the electrical properties of the photodetector remain mostly unchanged; however, the presence of the microcavity causes wavelength selectivity accompanied by a drastic increase of the optical field at the resonant wavelengths. The enhanced optical field allows to maintain a high efficiency for faster transit-time limited PD's with thinner absorption regions. The combination of an RCE detection scheme with Schottky PD's allows for the fabrication of high-performance photodetectors with relatively simple material structures and fabrication processes. In top-illuminated RCE Schottky PD's, a semitransparent Schottky contact can also serve as the top reflector of the resonant cavity. We present theoretical and experimental results on spectral and high-speed properties of GaAs-AlAs-InGaAs RCE Schottky PD's designed for 900-nm wavelength.
I. INTRODUCTION

S
CHOTTKY photodiodes (PD's) are very attractive for high-speed photodetection because of their simple material structure. Their relatively simple fabrication process enables easy integration with III-V discrete devices and integrated circuits. Furthermore, since the junction is at the metal-semiconductor interface, diffusion of photogenerated carriers and parasitic series resistance in a Schottky PD is less when compared to pin PD's, resulting in superior high-speed performance. Schottky PD's with 3-dB bandwidths well above 100 GHz have been reported [1] . However, these devices had low quantum efficiencies as a result of thin absorption layers necessary for high-speed operation. The quantum efficiency ( ) of a vertically illuminated (photons and charged carriers travel along the same axis) pin PD for is given by [2] (1)
where is the absorption coefficient, is the thickness of the absorber, and is the reflectivity of the PD. On the other hand, in the transit-time limit, the bandwidth of the device is inversely proportional to (2) where is the saturation velocity of the photogenerated carriers. Hence thinner absorption regions are employed for higher bandwidths. Conventional high-speed PD's, therefore, suffer a low quantum efficiency.
Equations (1) and (2) also show that the bandwidth-efficiency product (BWE) is independent of the design parameter and depends only on material parameters and . Although typical III-V compound semiconductors have very large values resulting in high BWE at visible wavelengths, at optical communication wavelengths (1.3 and 1.55 m and recently 850 nm) and thus BWE remain limited. For example, for GaAs detectors operating around 850 nm, this product is less than 30 GHz. To overcome the BWE limitation of single-pass photodetectors, different photodetection schemes can be employed. Edge-illuminated waveguide detectors that separate the optical and electrical axes have achieved a 110-GHz bandwidth and quantum efficiency of 0.5 at 1.55 m [3] . The disadvantages of edgeilluminated detectors are complex fabrication and integration along with difficult light coupling. Resonant cavity enhanced (RCE) photodetection is another method that has been successfully demonstrated over the past few years [4] , [5] . In RCE, the much preferred vertical illumination capability is not sacrificed; instead, the quantum efficiency of the device is improved by placing a thin absorbing layer inside a Fabry-Perot microcavity. By using RCE, vertically illuminated devices with both high speed and high can be realized. Electrical isolation of RCE devices is typically accomplished by mesa etch, a disadvantage toward the integration of these devices into planar fabrication technologies. However, doped GaAs can be made semi-insulating by proton bombardment [1] , and, using this technique, the RCE Schottky PD's reported in this paper, as well as other RCE structures, can also be fabricated without a deep mesa etch, which should allow their integration with planar structures. Schottky PD's are particularly attractive for RCE detection. Besides standard advantages such as ease of fabrication, lower contact resistance, and lower diffusion current which also apply to conventional Schottky PD's, there are several advantages, both electrical and optical, unique to the RCE design. In RCE devices, from an optical standpoint, a shorter cavity is preferred [4] . In the case of RCE pin PD's, this causes 0018-9197/99$10.00 © 1999 IEEE the P and N contacts to be thin layers with a relatively high sheet resistance adversely affecting the temporal response. Furthermore, RCE pin PD's usually employ distributed Bragg reflectors (DBR's) as a high-reflectivity top mirror. In contrast, when a top-illuminated RCE scheme is employed, a thin semitransparent Schottky contact [1] , [6] readily eliminates the lateral access resistance problem, allows for a shorter cavity, and increases the air-semiconductor interface reflectivity [7] without the need for a top DBR. The cavity resonance can be tuned to the desired wavelength by recessing the top surface prior to fabrication [8] , [9] , which is a significant advantage of these devices. While the bandwidth-efficiency improvement of RCE detection has been fully exploited for pin [10] and avalanche PD's [11] , there have been only a few reports on RCE Schottky PD's [7] , [12] , [13] . The first RCE Schottky PD was reported by Chin et al. [12] . They used a 1500-Å high-reflectivity Al Schottky contact and a 16-layer InAlAs-InGaAlAs DBR to form the detector microcavity. The light was coupled into the cavity from the InP substrate side (bottom illumination) through the DBR and was absorbed by a 4750-Å InGaAs absorbing region. These devices showed 50% enhancement in photocurrent over conventional control devices. Tzeng et al. reported the first high-speed results from RCE Schottky PD's [13] . Their device was a top-illuminated GaAs Schottky PD with a 1-m GaAs absorber and an eightlayer GaAs-AlAs DBR at the bottom. In their model, they assumed the 100-Å-thick semitransparent Au Schottky contact layer to be fully transparent for top illumination and treated the air-semiconductor interface as the top mirror of the detector cavity. For a 25-m-diameter device, they achieved a 9-GHz 3-dB bandwidth. They also measured a 30% improvement in the responsivity over a single-pass device. In both these attempts, the potential of the RCE concept was not fully exploited, mostly due to relatively thick absorption regions.
To date, AlGaAs-GaAs-InGaAs has been the most commonly studied material system in RCE research [4] because of the well-established growth processes. The close lattice match in the ternary AlGaAs and the large refractive index difference [14] between the two binary endpoints AlAs and GaAs allow the growth of high-quality high-reflectivity DBR's with a reasonable number of layers. We fabricated RCE Schottky PD's operating in two different wavelength regions (850 and 900 nm) that are dictated by the optical properties of the materials used. When the photon energy of the incident light is less than the GaAs bandgap energy, GaAs can be used as a lowloss DBR material, greatly simplifying the growth process. While a thin InGaAs absorber allows the device spectrum to be extended to wavelengths above the GaAs band edge [15] , the maximum attainable pseudomorphic InGaAs thickness limits the wavelength coverage to 860 nm to 1 m. We use this material system mainly to demonstrate the RCE Schottky PD concept around 900 nm [7] , [16] . With the advent of GaAs vertical-cavity surface-emitting lasers (VCSEL's) [17] , the wavelength range around 850 nm has recently emerged as a strong candidate for short-distance high-bit-rate parallel fiber optic communication systems. We believe that highspeed RCE Schottky PD's can perfectly complement VCSEL arrays and concentrate our further efforts on the fabrication of devices operating in the 820-850-nm range. In this wavelength regime, GaAs is used as the absorber material; however it is too lossy to be used in the DBR structure. Instead, a low-loss DBR can be formed by alternating Al Ga
As-AlAs layers [18] .
In this paper, we first address the design strategy for a RCE Schottky PD structure, considering both high-speed and high-efficiency characteristics. Also, a detailed analysis of the expected performance for the 900-nm devices and a discussion of various design parameters are included. A brief description of device fabrication and experimental results on both spectral photoresponse and high-speed properties of the 900-nm RCE Schottky PD's are presented (data on the performance of devices for around 850-nm operation is presented elsewhere [18] ). Finally, an interpretation of experimental results and comparisons with the theoretical predictions are included. Fig. 1 shows the cross section of a conceptual topilluminated RCE Schottky PD. The resonant microcavity is formed between the semitransparent Schottky contact and a low-loss DBR. An N depletion region, an N ohmic contact layer, and an undoped buffer constitute the different electrical regions of the PD in the cavity. The depletion region consists of a top spacer, a bottom spacer, and a thin absorption layer sandwiched between these layers. All layers but the absorber inside the cavity have a larger bandgap than the incident light energy. Hence, the cavity exhibits a very low loss with absorption occurring only in the thin absorber. An antireflection (AR) coating may also be deposited on top of the Schottky metal to optimize the detector frontsurface reflectivity, thereby increasing the maximum attainable efficiency.
II. DESIGN OF RCE SCHOTTKY PD
The quantum efficiency for a simplified RCE PD structure with lossless mirrors is given by Kishino et al. [5] as (3) where and are the absorption coefficient and thickness for the thin absorber, and are the top and bottom mirror reflectivities, respectively, is the propagation constant, is the cavity length, and and are the phase shifts introduced by the top and bottom mirrors, respectively. On the righthand side of (3), the term in the braces represents the power enhancement factor. When , this term becomes unity, and (3) gives for a conventional detector. Hence, the power enhancement factor represents the ratio of quantum efficiencies of RCE and conventional detectors with the same . In the case of an absorptive mirror, such as the semitransparent metallic top mirror of RCE Schottky PD's, (3) is no longer valid. Nevertheless, the qualitative dependency of on many design parameters can still be deduced from (3). The peak wavelength ( ) is a function of , , and . The maximumattainable , on the other hand, depends on , , and the normalized absorption coefficient . For a low-loss cavity (high and and low ), at the resonant wavelengths, the optical field amplitude inside the microcavity is increased, thus is drastically enhanced.
The important limitations to the response speed of an RCE Schottky PD are generally transit time of the carriers (transittime limit) across the depletion region and charging and discharging times of the inherent and parasitic capacitances [2] , [4] . Other limiting factors are charge trapping at heterojunctions and diffusion from undepleted regions. These can be eliminated, respectively, by grading the absorbing region heterojunctions and by placing the absorbing region between nonabsorbing spacers in the depletion region. The transit-time response of an RCE PD is much shorter than an equal quantum efficiency conventional PD, because the latter has to employ a much thicker absorption region to accomplish the same efficiency. It is also predicted that an RCE pin PD has a 35% larger bandwidth than a conventional pin PD with the same depletion layer thickness [19] , when the absorption layer is placed in an optimum position inside the depletion region, thereby equalizing the arrival times of the faster electrons and slower holes. These arguments are equally valid for Schottky PD's, and the transit time of the designed structure with a 0.3-m depletion layer is expected to be 3 ps. The capacitancelimited response time of the devices can be decreased below that of the transit time by reducing the device area.
In the case of a top-illuminated design, to obtain a high cavity, the bottom DBR reflectivity should be as high as possible [4] , [5] . However, the number of layers in the DBR cannot be indefinitely increased because of the practical difficulties encountered in the molecular beam epitaxy (MBE) growth of such structures. Therefore, one has to make a compromise between the DBR reflectivity and the structural quality of the DBR. Reasonably good DBR quality and a high bottom reflectivity can be obtained for 15 periods of alternating AlAs-GaAs layers as employed in our devices. Since there are both forward-and backwardpropagating fields in the cavity, the magnitude of the total optical electric field exhibits a half-wavelength period standing wave pattern. Equation (3) neglects the effect of the standing wave pattern. The power enhancement factor is more accurately expressed in terms of the standing wave as (4) where both integrations have to be carried out between the respective absorber boundaries. In (4), the subscripts have been used in the same manner as the previous definition of the enhancement factor. The relative positioning of the thin absorber with respect to the standing wave pattern is hence critical for very thin absorbing layers and is an important design consideration [4] . To obtain the maximum enhancement possible, the absorber has to coincide with a maximum of the standing wave pattern. However, an accurate positioning of a thin absorber with respect to the standing wave pattern is difficult, since an error of a few percent in the layer thicknesses during the growth process is common. To eliminate this risk, a -thick absorber is used, hence exactly one period of the standing wave pattern coincides with the absorber. Another important design consideration is the actual value of . If is too small, a thick absorption layer is required, degrading the high-speed properties of the device by increasing the carrier transit time. On the other hand, large values of requires very thin absorbers in order to keep the total cavity loss low. However, this emphasizes the complications associated with the standing wave effect (SWE). The respective values of for InGaAs around 900 nm and for GaAs around 850 nm are expected to be 1.3 10 cm
[15] and 9 10 cm [14] , yielding a moderate normalized absorption coefficient ( ) for .
III. ANALYSIS OF RCE SCHOTTKY PD'S
The quantitative dependency of the photoresponse on various design parameters is investigated using a scattering matrix ( matrix) approach [13] . In the simulations, the complex refractive indices [14] , [15] , [20] of the materials were used to calculate the matrices for each layer in Fig. 1 , which were cascaded to calculate the forward-and backward-propagating optical fields in the entire multilayer structure. The field distribution was used to optimize the final device structure by calculating the dependency of quantities such as frontsurface reflectivity, total transmission through the device, the absorption in each layer, and the device quantum efficiency on various design parameters. Below, we report sample simulation results.
In Fig. 2 , the first three periods of the standing wave pattern for the optimized 900-nm structure is plotted. For clarity, the forward-and backward-propagating field amplitudes are also shown. This simulation was performed for a 200-Å-thick Au Schottky layer and a 1050-Å-thick Si N dielectric AR coating. The horizontal axis in the figure represents the position along the cavity, and the boundaries of various layers are shown by vertical lines. The standing wave amplitude of 1.75 corresponds to a power enhancement factor in excess of 10. Also note that the backward-propagating field amplitude is much larger than the forward-propagating field amplitude in the metallic layer. Hence, most of the power absorbed in the metal is due to the enhanced field inside the cavity. This suggests that a higher will be accompanied by an increased absorption in the metal. It is calculated that 20% of the incident power will be absorbed in the metal for the optimized structure, significantly larger than that for a single pass. Fig. 3 shows the calculated quantum efficiency spectra of the optimized device. The expected peak quantum efficiency ( ) at nm is 0.7. The full-width at half maximum (FWHM) of the photoresponse is expected to be 7 nm, which together with the 70-nm free spectral range yields a finesse value of 10. For comparison, the quantum efficiency attainable from an identical structure without the DBR is also shown. With the RCE scheme, a more then tenfold improvement in is observed.
For fixed values of bottom mirror reflectivity and absorber thickness, will be maximized when the front-surface (detec- tor) reflectivity for the incident light (see Fig. 1 ) is minimized [4] , [5] . To achieve this condition, a dielectric AR coating on top of the Schottky contact is used. By varying the thicknesses of the Au Schottky metallization ( ) and the Si N dielectric coating ( ), can be significantly enhanced over a wide range of metal thickness values. This is particularly desirable in applications where minimizing the series contact resistance is important. In Fig. 4 , versus for different values of is plotted. For the RCE Schottky PD structure in Fig. 1,  calculated is well over 0.5 forÅ, whereas for a conventional Schottky PD gradually decreases by increasing . An important design consideration is the robustness of the device performance against deviations from the optimized layer structure during the growth and fabrication processes. The device performance is mostly sensitive to the bottom mirror quality, a high-reflectivity DBR being an essential element of the RCE concept. Variations on the order of a few percent in the layer thicknesses during MBE process are common, causing the resonance wavelength and/or the DBR center wavelength to shift. Our simulations predict that, for the absorber at hand, a peak quantum efficiency larger than 0.6 is attainable for a 30-nm wavelength range around the DBR center wavelength by adjusting the top spacer, Schottky metal, and AR coating thicknesses. Since all these parameters are post-growth alterable, the device can be tuned to a desired wavelength in a 30-nm range without a significant quantum efficiency sacrifice.
IV. EXPERIMENTAL RESULTS
The epitaxial layers were grown by solid-source MBE on top of semi-insulating GaAs substrate. The optimized layer thicknesses for the 900-nm RCE Schottky PD are shown in Fig. 1 . The structure consists of 15 periods of AlAs-GaAs quarter-wave layers ( ) followed by a 0.2-m undoped buffer, a 0.43-m N GaAs ohmic contact layer, and a 0.3-m N depletion region. The depletion region incorporates a 1300-Å In Ga As absorber sandwiched between a 500-Å top spacer and a 1200-Å bottom spacer chosen to equalize hole and electron transit times. The total depletion region thickness was chosen as 0.3 m to ensure transit-time limited operation for the smaller area devices. The absorber heterojunctions were linearly graded to minimize electron and hole trapping at the interfaces. Before device fabrication, reflectivity of the grown MBE wafers were measured using a spectrophotometer. Fig. 5 shows this spectral measurement and a theoretical fit to the data, demonstrating a good agreement, hence the validity of the simulation method used. The reflectivity spectra of the DBR was observed to be shifted toward longer wavelengths (possibly due to variations during MBE growth). Also, from the fit to the data, it is predicted that is approximately a factor of two higher than the expected value. However, for an RCE PD, is not a strong function of , and this higher value of does not correspond to a significant increase in maximum attainable . To obtain the maximum value of for a given value of , however, other cavity parameters have to be optimized accordingly. Since the cavity was optimized for a lower value, the higher than expected should in fact result in a lower than expected value.
The epitaxial wafers were fabricated using a monolithic microwave compatible process. Fig. 1 shows a cross section of the fabricated devices. First, N layers were recess etched and Au-Ge-Ni ohmic contacts to the N layer were formed by a self-aligned lift-off and a rapid thermal anneal. This was followed by the deposition of the 200-Å semitransparent Schottky contact. All areas except the active device area were then etched away and a Ti-Au interconnect metal was evaporated to form coplanar waveguide (CPW) transmission line patterns on top of the semi-insulating substrate. Next, a 2000-Å-thick Si N AR coating was deposited and patterned. This layer also passivates and protects the surface and serves as the metal-insulator-metal bias capacitor dielectric. To minimize the parasitic capacitance of the devices, fabrication was completed by a 1.5-m-thick Au airbridge that connects the Schottky metal to the center conductor of the CPW [21] .
The fabricated devices had different mesa sizes varying from 150 150 m for spectral measurements to 7 5 m for high-speed measurements. Devices with intermediate mesa sizes were also fabricated for investigating the bandwidth-area dependence. Fig. 6 shows a photomicrograph of a 150 150 m detector. The Schottky diodes exhibit breakdown voltages larger than 12 V. The dark current of a 150 150 m device at 1-V bias was 30 nA. Using forward I-V characterization, the Schottky barrier height was measured to be 0.83 eV. Fig. 7 shows the measured photoresponse spectra of the devices. The peak quantum efficiency was measured to be 18% at 895 nm whereas the expected value was above 70%. Nevertheless, when compared with a single-pass device, the enhancement factor is 6 and the FWHM is 15 nm. To further investigate the dependency of the peak quantum efficiency on the metal thickness, a reflectivity experiment was performed. Without fabricating the devices, Au layers with different thicknesses (100, 150, and 200Å) were evaporated on an epitaxial wafer sample. Then, 2000-Å Si N AR coating was deposited on the sample and was etched in 200-Å steps. After each etch, the front-surface reflectivity was measured. There was good agreement between the theory and the data for both the resonance wavelengths and the FWHM of the resonance dip. However, the resonant front-surface reflectivity was measured to be higher than expected. It was also noted that the minimum front-surface reflectivity for the fabricated devices was attained using a thinner Au layer (100Å) than the value predicted by the simulations (150Å). Using atomic force microscopy (AFM) measurements, significant roughness (30Å rms for 100-Å mean thickness) on the surface of the Au metallization was observed. Two possible sources of the high discrepancy between the expected and measured values are: 1) scattering and depolarization losses [22] due to this surface roughness, which were not taken into account during simulations that assume planar boundaries between layers, and 2) possible misfit dislocations in the lattice-mismatched absorber. For a similar In concentration, the critical thickness of InGaAs is reported to be 2000 A [23] . Also, visual inspection of the wafer and measured low dark current indicate good crystalline quality. Hence, we attribute the lower than expected to the Au surface roughness. Incorporating the effect of surface roughness in the simulation model and improving the surface quality of the metallization process is currently being investigated. When the roughness problem of the Schottky contact is eliminated, it should be possible to achieve the 70% predicted by the simulations. On similar devices operating around 850-nm wavelength, where a more controlled experiment in terms of the Schottky metal thickness and the absorption coefficient of the thin absorber was performed, values as high as 50% and a 25-GHz BWE were demonstrated [18] .
High-speed measurements were performed using a picosecond mode-locked Ti : sapphire laser. The devices were illuminated using a single-mode fiber on a microwave probe station and the response at zero bias was observed with a 50-GHz sampling oscilloscope. For the wavelength dependence of the high-speed response, a 10 m 10 m device was studied. Fig. 8 shows the pulse response obtained from the same device under two different excitation wavelengths. At 895 nm, the incident light is absorbed only in the thin InGaAs absorber (see Fig. 1 ) with the exception of the Schottky metal, the rest of the cavity is nearly lossless, and the device functions as an RCE Schottky PD. On the other hand, at 840 nm, both GaAs and InGaAs are absorptive. At this wavelength, the DBR reflectivity is less than 0.2, and only a small fraction of the incident light reaches this low-reflectivity DBR considering the 0.93-m cavity length. Thus, the device functions essentially as a conventional single-pass Schottky PD, and the pulse response obtained is very close to what would have been observed from a conventional Schottky PD with a 0.3-m depletion region. The FWHM's of the pulse responses as measured on the scope were 10 ps at 895 nm and 13 ps at 840 nm. The measured rise time, which is a characteristic of the measurement setup, was 9 ps at both wavelengths. However, the fall time was significantly shorter at the resonant wavelength than at the single-pass wavelength (6 ps at 895 nm versus 10 ps at 840 nm). Since the capacitance limit on the bandwidth is independent of wavelength, the dependence of the fall time on the wavelength of excitation clearly demonstrates the transit-time-limited nature of both measurements. When the device is functioning as an RCE Schottky PD, photogeneration of carriers occurs only in the InGaAs absorber, at the optimum position where the transit times for holes and electrons are equal, whereas at offresonance the transit-time-limited response is dominated by the slower carriers and holes. When the as-measured FWHM pulsewidths are compared, the improvement with RCE is only 30%. However, the pulse responses observed on the scope correspond to the total system bandwidth and are limited by the speed of the sampling scope. The detector pulsewidth can be approximated as [24] (5) This is very accurate for Gaussian pulses and a good approximation in our case. Considering a 9-ps FWHM pulsewidth for the scope [25] and a 1.2-ps laser pulsewidth, the estimated detector impulse width is 4.1 ps at 895 nm and 9.3 ps at 840 nm, respectively [16] . This is a conservative estimate since the microwave components in the signal path and laser timing jitter also contribute to the measured pulsewidth. The corresponding 3-dB bandwidth is in excess of 100 GHz at 895 nm and 47 GHz at 840 nm, demonstrating a more than twofold improvement in bandwidth with the RCE detection scheme as predicted by simulations [19] . Together with the nearly threefold increase in (see Fig. 7 ), the bandwidth-efficiency product of the devices is improved by a factor of 6 at resonance (895 nm) versus at off-resonance (840 nm).
To further verify the transit-time-limited operation of these devices, the high-speed response of various area devices were measured. The devices with mesa sizes smaller than 20 30 m were observed not to be capacitance limited, demonstrating impulse responses with 10 ps FWHM. The capacitance of the 10 10 m device is calculated as 40 fF, corresponding to a capacitance-limited bandwidth of more than 200 GHz. The theoretical expected transit-time limited FWHM at 895 nm is 3 ps in good agreement with the experiment.
The fast Fourier transforms (FFT's) of the as-measured impulse responses (Fig. 8) when the RCE Schottky PD is at resonance (895 nm) and when it is at off-resonance (840 nm) are shown in Fig. 9 . To accurately represent the frequency response for the displayed frequency range, two different data sets (4096 samples covering 200 ps and 1 ns total span, respectively) for each pulse were used. The reason for the gradual drop in the lower frequency portion of the 840-nm response in Fig. 9 is the long tail observable in the corresponding pulse response in Fig. 8 . Since a substantial portion of the incident light at 840 nm is absorbed in the undepleted N region and beyond, carrier diffusion from these regions causes a long tail in pulse response. In comparison, since there is no significant photocarrier generation outside the thin InGaAs absorber at 895 nm, this tail due to diffusion is absent in Fig. 8 , and the corresponding frequency response in Fig. 9 is flat. Hence, with the RCE detection scheme, further improvement is observed in the frequency domain than is revealed by the simple pulsewidth comparisons in the time domain.
V. CONCLUSIONS
In this paper, the concept of combining the respective advantages of resonant cavity enhancement and Schottky PD's to achieve high-performance, efficient high-speed photodetection has been investigated. The design strategy has been demonstrated for an (Al, In)GaAs-based top-illuminated RCE Schottky PD operating around 900 nm. Dependency of highspeed and spectral performance on various design parameters have been discussed and can be summarized as follows.
1) Quantum efficiency is maximized when front-surface reflectivity for incident light is minimized. To minimize the front-surface reflectivity, a dielectric layer can be used, and by adjusting the metal and dielectric thicknesses, a high quantum efficiency can be maintained over a large range of these parameters.
2) The reflectivity of the bottom DBR should be the maximum allowed within the budget of the growth process. 3) As the optical field inside the cavity increases, so does the absorption in the semitransparent Schottky contact. Hence, a unity quantum efficiency cannot be achieved. However, quantum efficiency values in the 70%-80% range can be achieved for practical values of the absorber thickness and the DBR reflectivity. 4) The value of should be on the order of 0.1 to observe practical benefit of RCE. This condition is easily satisfied for GaAs between 800-860 nm and for In Ga As around 900 nm. 5) For very thin absorbers, SWE can drastically degrade the efficiency as a result of small variations in the layer thicknesses during the growth procedure. The design can be made immune to SWE by choosing . 6) High-speed design is independent from spectral efficiency design. Depletion region thickness can be chosen with respect to the area of the device to assure transittime-limited operation. The thin absorber position within the depletion region can be exploited to equalize carrier transit times. Absorber boundaries can be graded to avoid carrier trapping at the heterojunctions. Following these guidelines, we have designed and fabricated RCE Schottky PD's in the (Al, In)GaAs material system with a semitransparent Au Schottky contact and top mirror for operation at 900 nm. The measured high-speed response agrees with theoretical predictions of expected improvement by the RCE detection scheme. The 10-ps FWHM pulses on the scope are estimated to represent 4.1-ps FWHM impulse response, corresponding to a 3-dB bandwidth of over 100 GHz. When the Au surface smoothness is improved, the optimized structure is expected to yield a bandwidth-efficiency product larger than 70 GHz.
